Purpose: Based on the assumption that high levels of intraocular pressure (IOP) during femtosecond laser-assisted in situ keratomileusis (FS-LASIK) may compromise the retinal nerve fiber layer (RNFL), newer femtosecond platforms that operate without causing significant IOP elevation have been developed in recent years. However, this assumption has not been adequately tested. The aim of the current study was to evaluate possible changes in RFNL thickness in nonglaucomatous myopic patients undergoing FS-LASIK using the 60 KHz IntraLase ® device that significantly elevates the IOP for an appreciable period of time vs an advanced surface ablation technique (laser-assisted subepithelial keratomileusis, LASEK) that does not induce any IOP elevation.
Introduction
The advent of femtosecond lasers in the field of refractive surgery has improved the characteristics of corneal flaps created in laser-assisted in situ keratomileusis (LASIK). [1] [2] [3] Femtosecond lasers use infrared light (1,053 nm) to accurately photodisrupt the corneal stroma, thus creating a predictable, homogeneously thick stromal cut. 4 Similar to flap creation with a mechanical microkeratome, a suction ring is employed in femtosecond-assisted LASIK (FS-LASIK).
It is generally agreed that the intraocular pressure (IOP) elevation that is induced during LASIK with a mechanical microkeratome does not affect the retinal nerve fiber layer (RNFL) of healthy individuals in a measurable way. [5] [6] [7] [8] Nonetheless, experimental evidence shows that acute elevations in IOP may result in morphological changes of the optic nerve head that could compromise retinal nerve axon homeostasis. 9 Even more, IOP elevations induced by flap creation during microkeratome-assisted LASIK have been reported to cause acute ischemic insults of the optic nerve in healthy eyes. 10, 11 In human eyes undergoing LASIK, the level of IOP reached during the stages of suction and flap creation cannot be accurately determined in vivo. In a previous experimental study of our group, an anterior chamber cannulation set-up was used for the comparison of IOP characteristics during LASIK with a mechanical microkeratome (M2; Moria, Antony, France) and a femtosecond laser (Abbott Medical Optics Inc, Santa Ana, CA, USA) in freshly enucleated porcine eyes. 12 In that study, the phases of suction and lamellar cut using the mechanical microkeratome lasted for a mean 21.4 and 15.0 seconds, respectively, and the mean IOP reached 122.5 and 160.5 mmHg, respectively. Using the femtosecond laser, these phases lasted longer, but the IOP increased less (suction: 40.0 seconds, 89.2 mmHg; cutting: 52.8 seconds, 119.3 mmHg). It is currently unknown if lower IOP levels that are maintained for longer (such as those observed with some FS-LASIK systems) pose a smaller risk for a patient's RNFL compared to higher IOP levels maintained for shorter periods (such as those observed with microkeratome-assisted LASIK). Based on the assumption that the IOP increase during LASIK procedures may be harmful for the optic nerve, newer femtosecond lasers use lower pressures during the suction and flap cutting phases. [13] [14] [15] [16] The purported safety advantage of lower pressures during FS-LASIK with newer lasers compared to the classic highpressure femtosecond platforms remains to be determined.
On the other hand, laser-assisted subepithelial keratomileusis (LASEK) is an advanced corneal surface ablation technique in which the dissection of a corneal epithelial flap up to the level of Bowman's membrane does not necessitate the application of a suction ring. Consequently, the IOP elevation observed with LASIK is avoided, although the change in the anterior corneal shape and thus the refractive correction is similar in both techniques. 17 At least in principle then, LASEK should not induce any refractive surgery-related impact on a patient's RNFL thickness. 18 The aim of the current study was to evaluate possible changes in RFNL thickness of myopic patients undergoing LASIK using a femtosecond laser that significantly elevates IOP for an appreciable period of time vs an advanced surface ablation technique (LASEK) that does not induce any IOP elevation.
Methods
This was a prospective, observational, comparative, assessormasked study that recruited eligible consecutive patients who underwent refractive surgery for the correction of myopia at the Novovisión Eye Institute, Madrid, Spain. The study adhered to the tenets of the Helsinki Declaration of 1975 as revised in 1983, and the investigation review board of the Novovisión Eye Institute approved the protocol. The nature and purpose of the study were explained in detail to all participants, and written informed consent was obtained. All participants met the following inclusion criteria: myopia lower than -6.00 diopters (D) and astigmatism lower than -2.00 D. Exclusion criteria were acquired corneal irregularities, previous corneal disease, signs or history of ocular trauma or inflammation, previous ocular surgery, signs or history of glaucoma or ocular hypertension, and neurodegenerative diseases that could affect the RNFL.
If both eyes of the same patient met the inclusion criteria, 1 eye was randomly chosen. Eyes were allocated to the FS-LASIK group or the LASEK group depending on the surgical technique deemed more appropriate for the patient. The included eyes were matched for refractive error.
All surgeries were performed by the same experienced surgeon (MAT) under topical anesthesia (lidocaine 2% eyedrops). 
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RNFLT after LASEK and femtosecond LASIK Preoperatively as well as postoperatively, all patients underwent a full ophthalmic examination that included the measurement of uncorrected and best-corrected distance visual acuity, central corneal thickness determination with ultrasound, slit-lamp biomicroscopy, and funduscopy. In addition, the same experienced operator measured the peripapillary RNFL thickness using a spectral-domain optical coherence tomography (OCT) device (Spectralis ® , Heidelberg Engineering, Heidelberg, Germany, Software version 5.0) before and 3 months after the refractive surgery. The OCT operator was masked to the patient's treatment group at all visits. A scan circle with a diameter of 12° was centered at the optic disc. Peripapillary RNFL measurements were obtained with the pRNFL protocol using automatic real-time scanning for speckle noise reduction. Additionally, the eye-tracking algorithm of the instrument (TruTrack Technology™, Heidelberg Noise Reduction™, Heidelberg Engineering) was employed to obtain high-quality images without motion artifacts. RNFL thickness values of the temporal-superior, temporal, and temporal-inferior sectors as well as average peripapillary thickness were considered for analysis. At the 3-month postoperative visit, the peripapillary RNFL thickness was obtained using the real-time gaze tracking algorithm of the device (AutoRescan™, Heidelberg Engineering) that ensures scanning at the same location for each eye (ie, at the exact location of the baseline scan obtained before the operation). According to the manufacturer, this OCT device captures infrared fundus and spectral-domain OCT images at 40,000 A-scans per second with an axial resolution of 4 microns.
Statistical analysis was performed using the Statview SE + Graphics platform (Abacus Concepts Inc., Berkeley, CA, USA) for Macintosh. Data are reported as mean ± SD. The Student's t-test for paired data was used for the comparison between average RNFL thickness obtained before and 3 months after the refractive surgery. The Student's t-test for unpaired data was used for between-group comparisons. Differences were considered statistically significant when the P-value was ,0.05. Sample size was calculated before the study commenced and indicated that 50 eyes per group would be needed so that a difference of 5 microns could be detected in within-group comparisons (α=0.05, β=0.20).
Results
A total of 114 myopic eyes of 114 patients fulfilled the inclusion criteria. Fifty cases underwent LASEK and 64 cases underwent FS-LASIK. There were 30 women in the LASEK group and 32 women in the FS-LASIK group. The demographic characteristics of the participants are summarized in Table 1 .
There were no significant differences between the groups in terms of preoperative refractive error, age, or sex. Eyes in the LASEK group had a significantly thinner preoperative central corneal thickness compared to those in the FS-LASIK group (529.1±36.1 vs 562.4±31.6 µm, respectively, P=0.001).
In the LASEK group, no statistically significant difference between preoperative and postoperative RNFL thickness values was detected for any of the examined sectors and the average peripapillary area (Table 2 ). In the FS-LASIK group, compared to preoperative values, postoperative values were statistically higher for the average RNFL thickness (P=0.008) and the RNFL thickness in the temporal-inferior sector (P=0.02). On the other hand, there was no statistically significant difference between preoperative and postoperative values for the temporal and temporal-superior sectors in the FS-LASIK group (Table 2) .
Discussion
In our study, we found that neither LASEK nor LASIK with a high-pressure femtosecond system induce thinning of the RNFL, as evaluated with spectral-domain OCT, in otherwise healthy myopic eyes. Scant literature exists on the effect of femtosecond platforms that either do not cause marked IOP elevations by virtue of a curved corneal interface, 
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Katsanos et al or cause significant IOP elevations due to a flat corneal interface for a relatively short period of time. 20, 21 On the other hand, to the best of our knowledge, the potential effect of the high-pressure femtosecond platform that we used on the RNFL thickness has not been investigated so far. This particular device uses a flat patient interface and maintains relatively high pressures for a comparatively extended period of time. 15, 16, 21 The available literature indicates that the IOP elevation induced in microkeratome-assisted LASIK does not cause any measurable thinning of the RNFL in healthy eyes. [5] [6] [7] [8] 18 Despite this consensus, there are few case reports suggesting that the procedure may in fact damage the optic nerve. 10, 11 FS-LASIK procedures have become very popular over the last several years. Although large numbers of patients have undergone the procedure, it is difficult to ascertain that microkeratome-assisted LASIK shares the same safety profile in terms of optic nerve and RNFL impact with FS-LASIK, because the differences in the induced IOP and its temporal characteristics between the 2 procedures are significant. 12, 15, 22, 23 For example, in an in vivo experimental study using the M2 microkeratome and the VisuMax 200 kHz femtosecond laser (Carl Zeiss Meditec, Jena, Germany), Chaurasia et al 22 found that the IOP was significantly lower and the fluctuation was much smaller during all phases of the procedure with the VisuMax laser. On the other hand, flap creation with this femtosecond laser was twice as long. 22 Similar results were reported by other investigators using the femtosecond device of the current study. 23 In our study, the RNFL thickness of patients who underwent LASEK was not affected by the procedure. These results are in accord with data from a small contralateral eye study with 20 participants who were randomized to microkeratome-assisted LASIK and LASEK. 18 Using timedomain OCT, these authors did not find any statistically significant differences between preoperative and postoperative RNFL thickness values determined 1 month after any of the 2 procedures. 18 A subsequent, larger study by the same group confirmed that LASEK does not significantly affect the RNFL thickness of nonglaucomatous myopic eyes. 24 In our FS-LASIK group, postoperative values for the average thickness and the temporal-inferior sectors were statistically higher than the preoperative ones (P=0.008 and P=0.02, respectively). In the case of average thickness, this change represents a 0.7% increase, while in the case of the temporal-inferior thickness the change represents a 0.6% increase. No other statistically significant difference was detected between preoperative and postoperative values for the rest of the parameters in the group. The reason for the statistical difference between preoperative and postoperative values in average and temporal-inferior RNFL thickness observed in the FS-LASIK group is unclear. One potential explanation could be that LASIK-induced corneal changes may have affected image acquisition in the postoperative visit. In a study by Feng et al, 25 the authors used time-domain OCT to investigate the effect of myopic microkeratomeassisted LASIK on retinal structures. Compared to preoperative values, total macular volume was significantly larger 3 months after surgery (P=0.003). No statistically significant differences between preoperative and postoperative disc area, rim area, cup/disk ratio, or average foveal thickness were detected. Of note, the change in total macular volume showed a significant correlation with the treatment-induced change in spherical equivalent, maximal and minimal corneal curvature, and corneal ablation depth. 25 Although these authors did not offer a specific explanation for their findings, the observed correlation between corneal changes and apparent macular volume increase may point toward a LASIK-induced optical artifact, rather than true macular edema. In our study, the possibility that the increased postoperative RNFL thickness may represent axonal edema cannot be excluded. At least in principle, IOP elevations such as those observed during LASIK could impede ocular blood flow and axoplasmic transport, thus causing retinal edema in the postoperative period. 26, 27 
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RNFLT after LASEK and femtosecond LASIK However, we believe that this mechanism cannot explain our results. There are no accounts of clinically observable retinal edema occurring even in the immediate post-LASIK period in uncomplicated cases. Subclinical edema of the RNFL, on the other hand, has been suggested in 1 paper, but only within minutes following LASIK. 28 In the paper by Zhang and Zhou, 28 the authors used Fourier-domain OCT to assess macular, ganglion cell complex and RNFL thickness in 102 eyes treated with the Ziemer LDV femtosecond laser (Ziemer Group, Port, Switzerland) and 102 eyes treated with the M2 microkeratome. Although average foveal and parafoveal thickness values were increased compared to the preoperative values in both groups 30 minutes following the procedures, these differences disappeared already in the first postoperative day and consequently remained statistically similar to the preoperative values up to the 1 year follow-up visit. 28 Unfortunately, any explanation for our results is inevitably hypothetical and cannot be adequately supported by the existing literature. It is important, however to note that the observed differences between our preoperative and postoperative RNFL values are particularly small: the mean change in average thickness was 0.67 µm (0.7% increase) and the mean change in the inferior-temporal sector was 0.92 µm (0.6% increase). These values are well below the axial resolution limits (~5 µm) of most currently available OCT devices. 29 As the femtosecond laser we used in the current study was the first to become commercially available, the majority of the published evidence that has been produced about FS-LASIK over the last several years refers to this particular device, and corroborates its efficacy and safety profile in corneal refractive surgery. 30 Based on the assumption that lower pressures during LASIK may offer a better safety profile in terms of RNFL thinning, several newer femtosecond platforms that do not increase the IOP significantly have been developed. To the best of our knowledge, evidence supporting this assumption is lacking. Consequently, at the current state of knowledge, it may be preferable to take into account factors such as predictability of flap size and thickness obtained, the degree of corneal inflammation induced, the speed of visual recovery, etc., when different femtosecond platforms are considered.
Conclusion
The current study shows that LASEK has no effect on RNFL thickness in otherwise healthy myopic eyes. It further shows that the FS-LASIK platform that we used does not cause any detectable RNFL thinning in otherwise healthy eyes despite the fact that fairly high intraoperative IOP levels are reached over a relatively long period.
Author contributions
AK helped in analysis and interpretation of data and drafting of the manuscript; EA-M was involved in analysis and interpretation of data and drafting of the manuscript; RC assisted with the data analysis and drafting of the manuscript; GL played a role in data acquisition and drafting of the manuscript; IR-P was involved in data acquisition and analysis and critical revision of the manuscript; MAT made substantial contributions to conception and design, analysis, and interpretation of data and also in critical revision of the manuscript for important intellectual content. All authors contributed toward data analysis, drafting and critically revising the paper and agree to be accountable for all aspects of the work.
Disclosure
The authors report no conflicts of interest in this work.
